INTRODUCTION
Microtubule polymers in both meiotic and mitotic spindles coordinate chromosome segregation during cell division. Microtubule plus ends attach to the chromosome through a macromolecular protein complex known as the kinetochore (reviewed in Maiato et al., 2004) . The minus ends of spindle microtubules are crosslinked to each other and to interdigitated microtubules which stretch from pole to pole, creating the spindle poles (reviewed in Zimmerman and Doxsey, 2000) . Anchorage of kinetochore-bound microtubules at spindle poles allows the force applied to a chromosome to be translated into directional movement (Gordon et al., 2001) . In animal cells, the centrosome is tethered to the spindle pole, where it also anchors astral microtubules (reviewed in Varmark, 2004) . The attachment of microtubules to multiple points within the spindle is a critical, yet poorly understood, process.
Two types of kinetochore-microtubule attachments have been described. The microtubule motors Cenp-E and Dynein initially form lateral attachments with microtubule polymers and use their motor activities to move chromosomes (Wood et al., 1997; Hyman and Mitchison, 1991) . These lateral or ''side-on'' attachments mature into ''end-on'' attachments consisting of bundles of spindle microtubules, termed kinetochore fibers (K-fibers), embedded in the kinetochore's outer plate. Mature K-fibers remain dynamic, continuously adding tubulin subunits at their plus ends, but are resistant to depolymerization treatments such as low doses of nocodazole and cold temperatures (reviewed in Maiato et al., 2004) . The hetero-tetrameric Ndc80 complex resides in the kinetochore outer plate and is required for mature microtubule attachment (He et al., 2001; Wigge and Kilmartin, 2001; Deluca et al., 2002; McCleland et al., 2003 McCleland et al., , 2004 . In higher eukaryotes, the Mis12 and Zwint complexes also localize to the outer plate and are involved in kinetochore-microtubule attachment (Cheeseman et al., 2004; Emanuele et al., 2005; Kline et al., 2006) .
Outer kinetochore proteins are thought to interact with microtubule-associated proteins (MAPs) to facilitate mature microtubule binding. In the budding yeast Saccharomyces cerevisiae the DASH-MAP kinetochore complex is essential for bipolar attachment to the spindle (reviewed in Salmon, 2005) . DASH is made up of 12 individual polypeptides folded into a stoichiometric 210 kDa complex (De Wulf et al., 2003; Westermann et al., 2003) . Dam1, a founding member of the complex, is a 38 kDa protein with an internal coiled-coil motif. Electron micrographs have shown purified DASH complex forms rings and spirals around microtubules in vitro (Westermann et al., 2005; Miranda et al., 2005) . No DASH complex members have been identified outside of yeast.
Spindle poles and centrosomes anchor microtubules in distinct manners. Spindle poles provide anchorage through crosslinking of microtubules by proteins such as NuMA, LGN, and Dynein (Gaglio et al., 1996; Merdes et al., 1996; Heald et al., 1997; Du et al., 2001 ). In the absence of centrosomes, spindle poles are sufficient to anchor K-fibers, allowing for high-fidelity chromosome segregation. Centrosomes both nucleate and anchor microtubules. The gamma-tubulin ring complex (g-TURC) is directly responsible for the centrosomes' nucleating activity (Zheng et al., 1995) and also caps the minus ends of microtubules (Wiese and Zheng, 2000; Moritz et al., 2000) . Appendages on the mother centriole within the centrosome, and a growing list of proteins, have been implicated in the anchorage of microtubule minus ends at the centrosome, although the mechanism of this activity is still unclear (reviewed in Bornens, 2002) .
Human Cep57/Translokin (hereafter referred to as Cep57) was identified in a tandem mass spectrometry screen as a stable component of purified centrosomes and was localized there by GFP and Myc-tagged expression (Andersen et al., 2003) . Cep57 is involved in intracellular trafficking, localizes to microtubule networks, and interacts with proteins in the microtubule cytoskeleton (Bossard et al., 2003) .
Sequence alignment searches demonstrate that S. cerevisiae Dam1 has weak sequence similarity to Cep57. We found that Xenopus Cep57 (xCep57) localizes to centrosomes, kinetochores, and spindle microtubules. xCep57-depleted extracts formed weakened and elongated bipolar spindles and failed to align chromosomes to the metaphase plate. Endogenous xCep57 interacts with the kinetochore proteins Zwint, Mis12, and CLIP-170 and is involved in generating stable kinetochore-microtubule attachments. Kinetochores on isolated chromosomes lacking xCep57 activity are defective in binding dynamic microtubules in vitro. In addition, centrosomes are not able to anchor microtubules in extracts depleted of xCep57. We conclude that xCep57 is required to attach microtubules at both the centrosome and kinetochore.
RESULTS
xCep57 Localizes to Centrosomes, Kinetochores, and Spindle Microtubules Polyclonal rabbit antibodies were raised against recombinant Xenopus Cep57 protein. Immunoblotting of Xenopus cytostatic factor (CSF)-arrested egg extracts with affinity purified antibodies recognizes a protein of the appropriate molecular weight, approximately 57 kDa ( Figure 1A) . A strong crossreacting band at approximately 35 kDa is noted with an asterisk (*, Figure 1A ). We next examined the localization of xCep57 on metaphase spindles. CSFarrested extracts were supplemented with sperm nuclei and calcium, destroying their arrest and driving them into interphase. Following DNA replication, bipolar spindles assemble with duplicated sister-chromatids and centrosomes and are rearrested at metaphase by CSF (Shamu and Murray, 1992) . We will refer to these as spindles assembled in cycled extracts. Unperturbed, cycled extract spindles were processed using immunofluorescence. xCep57 localized to spindle poles ( Figures 1D   and 1E ), consistent with a previous report which purified and localized human Cep57 with centrosomes (Andersen et al., 2003) . Additionally, xCep57 localized to punctate dots on metaphase-aligned chromatin, consistent with kinetochore staining (Figures 1D and 1E ). These punctate dots colocalized with the kinetochore protein Ndc80 ( Figures 1E and 1E 0 ). This is shown in a linescan through a sister kinetochore pair ( Figure 1E 0 ). Since the kinetochore localization of xCep57 has not been reported, we sought to confirm that this staining was not due to the crossreacting 35 kDa protein. We immunodepleted CSF extracts with a-xCep57 antibodies, removing the 57 kDa protein. Immunodepletion has no effect on the level of the 35 kDa protein in the extract ( Figure 1B ). Demembranated sperm were added to either control IgG or xCep57-depleted extracts, and kinetochores were assembled onto the centromeres of unreplicated chromosomes. The level of xCep57 at kinetochores was determined by immunofluorescence and quantified with respect to the stable centromere marker Cenp-A. The amount of xCep57 detected at kinetochores by immunofluorescence is decreased >80% after its depletion from extracts, compared to control IgG (Mock) depleted extracts ( Figure 4A ). Confocal imaging of nuclei costained with a-Cenp-A and a-xCep57 antibodies shows that xCep57 localizes outside of Cenp-A ( Figure 1F ). Linescans through individual kinetochores graphically demonstrate this. We conclude that xCep57 localizes to the outer kinetochore in Xenopus extracts.
Confocal imaging also revealed speckled xCep57 staining on spindle microtubules ( Figure 1E ). To test whether xCep57 is a MAP, we performed a microtubule pelleting assay. Clarified CSF extract was treated with either the microtubule-polymerizing drug taxol or the microtubuledepolymerizing drug nocodazole. Microtubule polymers were then isolated by centrifugation through a sucrose cushion and examined by immunoblot ( Figure 1C ). Since xCep57 sediments from taxol but not nocodazole-treated extracts we conclude that it is a microtubule-associated protein. To determine whether this interaction is through microtubule motors, the experiment was repeated in the presence of either ATP (2 mM and 5 mM) or hexokinase (to induce rigor binding of microtubule motors). xCep57 sediments with microtubules independent of ATP concentration (M.J.E. and P.T.S., unpublished data), suggesting that its interaction with microtubules is not motor dependent.
xCep57 Is Critical for Chromosome Alignment in Extracts
To examine the function of xCep57, extracts were depleted with control IgG or a-xCep57 antibodies, and bipolar spindles were assembled in cycled extracts. The extracts were supplemented with rhodamine tubulin to visualize microtubules and examined for potential spindle phenotypes (Figure 2) . Representative images of metaphase spindles from Mock-depleted and xCep57-depleted extracts are shown in Figure 2A . xCep57-depleted extracts formed bipolar spindles ( Figure 2B ; n = 100) that could not align chromosomes as well as Mock-depleted extracts ( Figure 2C ). In Mock-depleted extracts, 71% of bipolar spindles aligned all of their chromatin to the central third of the spindle. In xCep57-depleted extracts, only 19% of bipolar spindles were able to align all of their chromosomes ( Figure 2C ; n = 30). The inability of chromosomes to align to a metaphase plate in xCep57-depleted extracts suggests weakened kinetochore-microtubule attachments.
Bipolar spindles in xCep57-depleted extracts were 32% longer than those assembled in control extracts ( Figure 2D ; p < 0.001, n = 30). Tubulin incorporation into bipolar spindles was also quantified and found to be reduced by 43% in xCep57-depleted extracts when compared to controls ( Figure 2E ; p < 0.01, n = 30). The addition of antibodies to extracts produced similar phenotypes ( Figure S1 ), suggesting that the xCep57 antibody blocks the protein's endogenous function. Immunodepletion and antibody addition using antibodies generated in two different rabbits yielded similar phenotypes (M.J.E. and P.T.S., unpublished data). These phenotypic analyses demonstrate that xCep57 plays an important role in chromosome alignment and spindle assembly in Xenopus extracts.
Sucrose gradient and gel filtration analysis suggests that xCep57 is in a preassembled complex (M.J.E. and P.T.S., unpublished data), similar to many other vertebrate kinetochore proteins (Emanuele et al., 2005) . The recombinant protein was almost entirely insoluble, suggesting that without its binding partners it does not fold properly. To confirm that the immunodepletion phenotype was caused by removal of xCep57, we rescued the chromosome congression phenotype by adding back a highly purified complex containing xCep57 protein ( Figure 2F ). xCep57 complex was purified from Xenopus mitotic oocyte extract approximately 1,000-fold through conventional chromatography and a sucrose gradient ( Figure S2 ). The 35 kDa crossreacting band separates from the 57 kDa band during purification. xCep57-depleted extracts were supplemented with fractions containing highly purified complex. As a control, xCep57-depleted extracts were supplemented with sucrose gradient fractions from the same purification, which did not contain xCep57. Adding back fractions containing xCep57, but not other gradient fractions, increased the ability of cycled bipolar spindles to align chromosomes ( Figure 2F ). These data demonstrate that xCep57, or a complex containing xCep57, is required for chromosome alignment in Xenopus extracts.
xCep57 Is Involved in Kinetochore-Microtubule Attachments Kinetochore-microtubule attachment generates tension between sister kinetochores, thus increasing their separation on the spindle. Bipolar spindles were assembled in cycled extracts which had been Mock-or xCep57-depleted. Spindles were fixed, and immunofluorescence was performed with antibodies against Ndc80 to visualize kinetochores. The mean interkinetochore distance for Mock-depleted spindles is 1.21 ± 0.14 mM ( Figure 3A ). In control-depleted extracts containing nocodazole, where sister kinetochores are no longer under tension, the interkinetochore distance decreased to 0.94 ± 0.12 mM (p < 0.001; n = 100). In xCep57-depleted extracts, the interkinetochore distance decreased to 0.93 ± 0.21 mM (p < 0.001; n = 100; Figure 3A ). The 22% reduction in interkinetochore distance in nocodazole and xCep57-depleted extracts demonstrates a lack of tension between sister kinetochores. As sister kinetochores gain productive microtubule attachments their relative alignment with respect to the pole-to-pole axis is constrained. The angle between: (1) a line drawn through a pair of sister kinetochores and (2) the spindle's axis will approach zero as attachment proceeds ( Figure 3B, top) . In control spindles assembled in cycled Xenopus extracts, the relative sister-kinetochore angle with respect to the spindle axis had a mean of 23 , with a range of 40
. In contrast, in xCep57-depleted extracts the mean was 47 with a range of 85 ( Figure 3B , bottom). The inability of xCep57-depleted kinetochores to generate tension and to bring sister kinetochores into register with the spindle axis suggests a lack of productive kinetochore-microtubule attachments.
Mature kinetochore attachments also stabilize microtubules from depolymerization treatments, such as nocodazole. Bipolar metaphase spindles were immunostained with tubulin and Ndc80 antibodies. Confocal imaging and three-dimensional reconstructions (Figure 3C , left; Movies S1 and S2, respectively) show that most microtubules in unperturbed extract spindles do not focus to kinetochores. Treatment of these spindles with a brief, low dose of nocodazole (50 ng/ml for 10 min; Maresca et al., 2005) showed a significant reduction in the amount of spindle microtubules (Figure 3C , right; Movies S3-S5). Kinetochore fibers appear to be preserved by this treatment, as most of the microtubules in the central spindle traced to kinetochores. This suggests that K-fibers in cycled spindles are resistant to low doses of nocodazole. Spindles assembled in extracts around DNA-coated beads lack kinetochores. DNA-coated bead spindles appeared normal after inhibition of xCep57 with antibodies ( Figure 3E ). Treatment of control DNA bead spindles with a low dose of nocodazole depolymerizes their microtubules ( Figure 3E ), suggesting that kinetochores are required to stabilize spindles against this challenge.
To test whether xCep57 has a role in generating kinetochore-stabilized microtubules, bipolar spindles were assembled in cycled extracts supplemented with rhodamine-labeled tubulin and either a-xCep57 or control IgG ( Figure 3D ). Approximately 70% of chromatin was surrounded by bipolar spindles in both control and a-xCep57-containing extracts ( Figure 3D 0 ; n = 50). After addition of a low dose of nocodazole, the frequency of bipolar spindles around each chromatin mass was reassessed. Nocodazole treatment had no effect on the frequency with which bipolar spindles were found around chromatin in control treated extracts (>70%), presumably due to spindle stabilizing kinetochore-fibers. In extracts lacking xCep57 function, the majority of chromatin was no longer associated with any microtubules ( Figure 3D 0 ; n = 50). Cep57's role in kinetochore stretching, alignment, and spindle microtubule stabilization suggests that it is an important factor in the generation of kinetochore-bound microtubules.
Kinetochore Assembly, Interactions, and Activities We examined the role of xCep57 in maintaining the structural integrity of kinetochores by immunodepleting and assembling kinetochores in CSF extracts. The fluorescent intensity of xCep57, the outer plate marker Ndc80, and the fibrous corona marker Dynactin were quantified as a ratio to the intensity of Cenp-A staining in the same region (Meraldi et al., 2004) . In Mock-depleted extracts, xCep57, Ndc80, and the p150
Glued subunit of the Dynactin complex all localize to kinetochores ( Figures 4A, 4A 0 , and 4A 00 ). In xCep57-depleted extracts, the kinetochore localization of Ndc80 and p150
Glued appeared normal, despite an 80% reduction in xCep57 at kinetochores (Figures 4A 0 and 4A 00 ). This suggests that xCep57 is not involved in the structural assembly of the kinetochore. More importantly, the phenotypes observed after xCep57 depletion are not caused by gross kinetochore disassembly.
Depletion of Ndc80 from kinetochores has been shown to inhibit assembly of numerous kinetochore proteins in Xenopus extracts (McCleland et al., 2003; Emanuele et al., 2005) . After immunodepletion of Ndc80 from CSF extracts, the ability of xCep57 to assemble onto the kinetochore was blocked ( Figure S3 ). This demonstrates that xCep57 assembles downstream of Ndc80.
Endogenous xCep57 in CSF extracts coimmunoprecipitates with the outer kinetochore proteins Mis12 and Zwint and shows a weak, yet reciprocal, interaction with Ndc80 ( Figure 4B ). Since all of the immunoprecipitations removed over 50% of their respective endogenous protein from the extract (data not shown; Emanuele et al., 2005) the amount of xCep57 precipitated estimates the strength of the interaction ( Figure 4B, row 1) . xCep57 also interacts with CLIP-170 and p150 Glued -two MAPs that interact with the plus ends of microtubules ( Figure 4B ).
To test whether microtubule attachment affects the kinetochore localization of xCep57, kinetochores were assembled in CSF extracts in the presence of nocodazole or vehicle control (DMSO). In extracts supplemented with nocodazole there is a 3-fold increase in xCep57 at kinetochores ( Figure 4C ), suggesting that a kinetochorebound pool of the protein dissociates after microtubule attachment.
To isolate kinetochore roles of xCep57 from those of other pools (i.e., centrosome or spindle), we employed an in vitro assay for the binding of microtubules to kinetochores Kirschner, 1985a, 1985b) . Electron microscopy has demonstrated that isolated mitotic chromosomes bind microtubules both end-and side-on (Mitchison and Kirschner, 1985a) . Chromosomes isolated from Xenopus tissue culture cells were stained with antibodies against the inner centromere protein Aurora B, the outer plate proteins Ndc80 and Zwint, p150 Glued , xCep57, and the spindle checkpoint protein Mad1 (Figures 5A and 5C ). Each antigen localized to the central constriction of the mitotic chromosomes, demonstrating that kinetochores remain intact during the isolation process.
Isolated chromosomes were mixed with taxol-stabilized microtubule seeds and purified tubulin. Dynamic microtubules bind to the central constriction of isolated chromosomes, visualized by tubulin staining and phase-contrast imaging ( Figure S4 ), consistent with EM data from this assay (Mitchison and Kirschner, 1985a) . Occasionally microtubules appear stuck to chromosome arms, although this is a rare event.
The number of microtubules bound per chromosome was quantified in reactions containing control antibodies, a-xCep57 antibodies, a-Ndc80 antibodies (to knock out mature attachments), the Dynein/Dynactin inhibitor p50/ Dynamitin (to knock out Dynein-mediated attachments), and their various combinations. Inhibition of xCep57 decreased the number of microtubules bound per chromosome with respect to controls ( Figure 5B ; p < 0.01, n = 50). This decrease in microtubule binding was indistinguishable from the effect observed when adding a-Ndc80 antibodies (p > 0.1, n = 50) or when a-xCep57 and a-Ndc80 antibodies were added together ( Figure 5B ; p > 0.1, n = 50), suggesting that xCep57 and Ndc80 are in the same microtubule binding pathway. Inhibition of Dynein by the p50/Dynamitin protein also reduces binding. In contrast to the combined inhibition of Ndc80 and xCep57, the combined inhibition of either Ndc80 or xCep57 with Dynein reduces kinetochore-microtubule binding in an additive manner ( Figure 5B ; p < 0.01, n = 50). Representative images of chromosome-microtubule complexes are shown ( Figure S4 ). The treatment of isolated chromosomes with either a-xCep57 antibodies, a-Ndc80 antibodies, or p50/Dynamitin had no effect on the stability of the kinetochore, as assessed by retention of p150
Glued at the centromere ( Figure 5C ). We conclude that xCep57 is required for kinetochores to bind microtubules and that xCep57 is in the Ndc80, but not the Dynein, microtubule binding pathway.
Centrosome Interactions and Activities
Since xCep57 localizes to the centrosome, we asked whether it also interacted with g-tubulin. xCep57 immunoprecipitated approximately 5%-10% of the g-tubulin from CSF extracts at 4 C (conditions where tubulin is depolymerized), suggesting that this interaction is microtubule independent ( Figure 6A ). Each Xenopus sperm contains a centriole, and the addition of sperm to CSF extracts generates radial microtubules arrays, or asters, around sperm centrosomes. To test the role of xCep57 in the generation of centrosome asters, extracts were supplemented with sperm, rhodamine tubulin, and either control IgG or a-xCep57 antibodies. Quantification of aster tubulin incorporation demonstrated more than a 5-fold reduction in the amount of tubulin in a-xCep57-treated extracts, when compared to controls ( Figure 6B ; p < 0.001, n = 30). Similar results were obtained in extracts immunodepleted of xCep57 ( Figure S5 ). The addition of constitutively active Ran (RanQ69L) to extracts nucleates microtubules which are focused into asters, independent of the centrosome. No observable difference was found in Ran(Q69L) asters generated in the presence of a-xCep57 or control IgG ( Figure 6C ; p > 0.5, n = 30). Spindles assembled in extracts around DNA-coated beads also appear normal in extracts treated with xCep57 antibodies ( Figure 3E ). We conclude that xCep57 plays a role in the production of microtubule asters from centrosomes in extracts, but does not affect spindle and aster formation, independent of the centrosome. To determine the step at which centrosome-mediated aster formation is disrupted, we collected time-lapse images of the reaction by spinning disk confocal microscopy. The addition of rhodamine tubulin and sperm to control IgG-depleted extracts generated asters by 100 s, which maintained a rounded shape with individual microtubules protruding from the central point for the next 15 min ( Figure 7A ; Movie S6). In extracts that had been depleted of xCep57 or supplemented with function-blocking antibodies, asters began to form with normal kinetics but failed to maintain microtubule attachment to the centrosome ( Figure 7B ; Movie S7). Instead, microtubule bundles continuously appear but then float away from the centrosome. By the end of the experiment, nucleation had slowed considerably, and bundles of microtubules remained. In control experiments, 5 out of 6 asters maintained a size and shape similar to that shown in Figure 7A . Centrosomes nucleated with normal kinetics but asters failed to remain focused in 10 of 11 extracts that had been supplemented with a-xCep57 antibodies, and in 6 of 6 extracts immunodepleted of xCep57. From this experiment, we conclude that xCep57 is not involved in nucleation, but rather in microtubule anchorage to the centrosome.
To analyze the defect in centrosome aster formation in the absence of xCep57 function, CSF extracts were supplemented with sperm and 15 min later were fixed and processed for immunofluorescence with antibodies against proteins required for aster and spindle pole focusing. In control IgG-treated extracts, g-tubulin, Dynein intermediate chain, and NuMA all localized to centrosomes. In extracts supplemented with a-xCep57 antibodies, Dynein and g-tubulin localized normally, but the localization of NuMA was significantly weakened ( Figure 7C ). Pericentrin staining also remained unchanged after xCep57 inhibition (data not shown). We conclude that xCep57 is required to localize NuMA and to anchor microtubules in asters generated by sperm centrosomes.
DISCUSSION
A complex containing xCep57 is required for chromosome alignment in Xenopus extracts. We utilized in vitro assays with isolated chromosomes and purified tubulin in combination with egg extracts to separate the potential functions of xCep57 at the kinetochore, centrosome, and on spindle microtubules. Our characterization puts xCep57 in a small class of kinetochore proteins, which have been implicated in the generation of stable microtubule attachments. The additional role of xCep57 in microtubule anchorage at centrosomes supports the conclusion that xCep57 is directly involved in microtubule binding and suggests that the mechanisms of binding at the centrosome and kinetochore may be mechanistically similar.
xCep57 Is Involved in Kinetochore-Microtubule Attachment Prior to the identification of the kinetochore's many proteins (in vertebrates, now more than 80), elegant assays were developed to test its activities using isolated chromosomes and purified tubulin Kirschner, 1985a, 1985b) . The isolated chromosomes used in this assay retain assembled kinetochores. The addition of function-blocking antibodies against kinetochore components reduces the affinity of chromosomes for microtubules. Thus, this assay provides us with an important tool for isolating a protein's specific role in microtubule binding at the kinetochore, independent of cellular environment, yet within the context of an assembled kinetochore.
Ndc80 has been implicated in mature kinetochoremicrotubule attachments and Dynein in side-on attachments. Addition of Ndc80 antibodies to isolated mitotic chromosomes leads to a reduction in microtubule binding. This effect is exasperated through simultaneous inhibition of Dynein and Ndc80, suggesting that they work in separable microtubule binding pathways. The reduction in microtubule binding after addition of a-xCep57 antibodies was indistinguishable from that of inhibiting Ndc80 alone. Inhibition of xCep57 and Dynein together also lead to a further reduction in microtubule binding, similar to that observed for the inhibition of Ndc80 and Dynein. Importantly, microtubule binding was no more reduced when Ndc80 and xCep57 were inhibited together, compared to blocking either one alone. These data suggest that xCep57 cooperates with Ndc80 in the same pathway to create mature microtubule attachments at the kinetochore.
Hydrodynamic analysis suggests that xCep57 is in a preassembled complex, like many known kinetochores proteins. The identification and characterization of these proteins is an important area of future study. Cep57 does not comigrate hydrodynamically with other known outer kinetochore proteins we have examined. Presumably, (A and B) Centrosome aster nucleation was examined by time-lapse microscopy in extracts supplemented with rhodamine-labeled tubulin after control IgG (A) or xCep57 (B) depletion. Sperm were added to start with reaction, and Z sections were collected every 10 s for 15 min. xCep57 depletion causes asters to lose their central focus by 300 s (scale bar = 5 mM). (C) xCep57 is required for the localization of NuMA to the centrosome. CSF extracts were supplemented with either xCep57 or control IgG antibodies. Sperm was added to the extract, and centrosome assembly was assayed by immunofluorescence after 15 min. Dynein and g-tubulin localized to control levels after xCep57 inhibition; however, NuMA does not. (Scale bar = 5 mM.) other proteins in this complex will also be involved in the proper function and regulation of xCep57.
We believe that xCep57 is in a unique position with respect to its role in kinetochore-microtubule attachments. The colocalization of xCep57 and xNdc80 at the kinetochore suggests that xCep57 resides in the kinetochore's outer plate. In support of this hypothesis, xCep57 remains bound to the kinetochores of aligned metaphase chromosomes, interacts with the outer plate proteins Zwint and Mis12, and has no additive effect with Ndc80 inhibition when tested in the in vitro microtubule binding assay. In contrast to other outer plate proteins, depletion of xCep57 does not affect overall kinetochore assembly, suggesting that either it is not a structural component or that it assembles distally to the plate. xCep57 can bind to microtubules and proteins that track on microtubule plus ends in Xenopus extracts. Moreover, mouse Cep57 can interact with microtubules directly in vitro (K. Momatani, A. Somolyo, and P.T.S., unpublished data). We propose that xCep57 is at, or very close to, the critical interface of microtubule attachment.
xCep57's Role in Microtubule Anchorage at the Centrosome Despite defects in sperm-nucleated asters, Ran-mediated asters and bipolar spindles, assembled around DNAcoated beads, appeared normal after xCep57 inhibition. This suggests that xCep57 is not a major contributor to microtubule assembly and spindle pole formation, but is directly involved in centrosome function. Time-lapse imaging of centrosome-mediated nucleation in depleted extracts revealed an explanation for the failure of centrosomes to produce asters, as microtubules lost anchorage to the centrosome. Time-lapse imaging after xCep57 depletion suggests that the microtubules released by the centrosome are in the form of microtubule bundles. Further, there is a decrease in nucleation by the end of the experiment in most of our Cep57-depletion/inhibition movies. This observation raises the possibility that xCep57 is an antibundling protein and that the increased bundling of microtubules in asters leads to their dissociation from the centrosome.
NuMA is mislocalized in sperm-mediated asters when xCep57 is inhibited. Since NuMA depletion from Xenopus extracts has no affect on the production of sperm-mediated asters (Merdes et al., 1996) , we favor a model wherein the mislocalization of NuMA is a result, rather than a cause, of lost microtubule anchorage. However, the loss of NuMA may indicate an inability to localize other key proteins to aster foci or even to assemble the spindle matrix, of which NuMA is a component (Tsai et al., 2006) .
Speculative Mechanism of Cep57 Function
Cep57 binds to proteins which specify the plus end (Dynactin, CLIP-170) and the minus end (g-tubulin) of spindle microtubules. The interactions are found in the cold, suggesting that they are not microtubule dependent, despite Cep57's direct interaction with microtubules.
Cep57 has two coiled-coils separated by a linker domain, reminiscent of SMC proteins. A potential model for Cep57 function is that it acts a flexible scaffold, binding to both g-tubulin and the microtubule minus end. Further, its spring-like coils could allow g-tubulin to release from microtubule ends without releasing the microtubule from the centrosome. A similar mechanism could also work at the kinetochore, with xCep57 binding both microtubules and proteins which localize to the kinetochore and microtubule plus end. This mechanism would facilitate tubulin treadmilling in K-fibers. Preliminary data suggest that Cep57 is an Aurora kinase substrate. Modulation of Cep57's binding activity for both kinetochore and centrosome proteins, or for microtubules, could thus depend on its Aurora-specific phosphorylation status.
Similarities to Yeast Dam1
Functional experiments demonstrate numerous parallels between yeast Dam1 and xCep57. Dam1 associates with kinetochores, microtubules, and spindle pole bodies. Dam1 interacts with kinetochore proteins involved in microtubule attachment (Shang et al., 2003) . Its mutants give a variety of spindle defects, depending on the specific allele being analyzed, including mitotic spindles with less tubulin (Li et al., 2002; Cheeseman et al., 2001 ). Many of the spindle phenotypes are not sufficiently explained by deficient kinetochore-microtubule attachment, suggesting an often ignored role for Dam1 in spindle assembly. Although our experiments cannot conclusively demonstrate homology, we speculate that xCep57 and Dam1 are homologs based on their functional similarities.
EXPERIMENTAL PROCEDURES
Cloning and Antibody Generation Mouse Cep57/Translokin was identified through BLAST analysis (Altschul et al., 1990) searching with the N-terminal 90 amino acids of ScDam1. The predicted Xenopus homolog was identified by statistically significant sequence similarity to mouse Cep57 and was amplified from a Xenopus laevis cDNA library by PCR. The PCR product was cloned into pET28a (Novagen), and recombinant protein was purified using Ni-NTA Agarose (QIAGEN) under denaturing conditions according to the manufacturer's protocol. Purified protein was injected into rabbits to produce polyclonal antibodies (Covance).
Xenopus Extracts
Xenopus CSF extracts and demembranated sperm were prepared as described (Murray, 1991) . Xenopus laevis handling procedures were approved by the University of Virginia's Institutional Animal Care and Use Committee (IACUC). Cycled extracts were prepared as described (Murray, 1991) . Rhodamine-labeled tubulin was added to a final concentration of 15 mg/ml (Cytoskeleton, Denver, CO; Shamu and Murray, 1992) . DNA-coated bead assays were preformed as described (Wignall and Heald, 2001 ).
Immunofluorescence and Immunoprecipitation
Extracts were prepared for immunofluorescence as previously described (Desai et al., 1999) with minor modifications (McCleland et al., 2003) . Pericentrin and NuMA antibodies were generous gifts from Steve Doxsey (University of Massachusetts Medical School, Worcester, MA, USA) and Andrea Merdes (Centre National de la Recherche Scientifique-Pierre Fabre, Toulouse, France), respectively.
Immunoprecipitation and depletion experiments were preformed using affinity purified antibodies bound to Affi-Prep Protein A support (Bio-Rad). For immunoprecipitations, the antibodies were covalently coupled to beads with dimethylpimilimidate (Harlow and Lane, 1988) .
Microtubule Pelleting Assay CSF extract was clarified and supplemented with 2 mM ATP, leupeptin, pestatin, and chymostain (10 mg/ml each; Sigma-Aldrich). Taxol or nocodazole (Sigma-Aldrich) was added to final concentrations of 10 mg/ml and 20 mM respectively. Microtubules and MAPs were isolated by centrifugation through a cushion of BRB80 + 1 M Sucrose.
In Vitro Kinetochore-Microtubule Binding Assays Mitotic chromosomes were purified from Xenopus tissue culture (XTC) cells after a 16 hr block in 10 mg/ml vinblastine (Sigma-Aldrich) as described with minor modifications (Wordeman et al., 1991) . Kinetochore-microtubule binding assays were preformed essentially as described (Mitchison and Kirschner, 1985b) . Antibodies and/or proteins were added to reactions to block the function of the kinetochore proteins xCep57, xNdc80, and Dynein. P50/Dynamitin was purified as described (Wittmann and Hyman, 1999) .
Imaging and Analysis
Fluorescent images were obtained with a Cool Snap ES Camera (Photometrics) mounted on a Nikon E600 Eclipse microscope using MetaVue software. Confocal images were taken with a Zeiss Axiovert 200 inverted microscope paired with a Yokogawa Spinning Disk Confocal unit (CSU21) and a Krypton/Argon air-cooled excitation laser run with Ultraview Software (Perkin Elmer).
Fluorescent images were obtained as Z stacks, and sum and maximum projections of these stacks were created and analyzed using MetaMorph software (Molecular Devices). For aster analysis (Figure 6 ), sum projections were used to calculate the integrated fluorescent intensity of the aster, subtracting local background intensity for each aster, similar to that described (Hoffman et al., 2001 ). For spindle analysis in cycled extract experiments, equal-sized circles were placed first around the spindle and then elsewhere on the image to allow for determination of the integrated fluorescent intensity and background for each spindle. Spindle measurements and linescans were preformed in MetaMorph. Kinetochore intensity ratio analysis was preformed as described (Meraldi et al., 2004 ). Student's t tests were applied to all relevant statistically compiled data, and in such figures data are displayed as mean ± standard deviation.
Centrosome-nucleation images were captured using the spinning disk confocal microscope. Depleted or antibody-supplemented extract (containing 20 mg/ml rhodamine-labeled tubulin) was mixed with Xenopus sperm (1,500/ml) and CSF-XB + 10 mg/ml Hoechst33342 (9:1:1 ratio). After 1 min, 6.5 ml of extract was spotted onto a glass slide, overlaid with an 18 mm coverslip, and placed on the microscope for real-time imaging. The first sperm visually identified that was not rapidly moving under the coverslip was filmed for 15 min, acquiring Z stacks at 10 s intervals.
Supplemental Data
Supplemental Data include Experimental Procedures, five figures, References, and seven movies and can be found with this article online at http://www.cell.com/cgi/content/full/130/5/893/DC1/.
